T he death of Thomas Archibald Bennet-Clark was regretted deeply by a wide circle of friends and admirers. The number in this circle was large since Thomas had a gift for friendship which he exercised enthusiastically. He was an indefatigable correspondent. Many will have been glad to receive from him letters written in his characteristic spindly handwriting. These were never arid and had the flavour of being written with the circumstances of the partic ular correspondent in mind. He was a witty talker. Friends will remember a slightly hesitant speech which was used to enrich a sympathetic but incisive conversation. It was never used to embarrass but always to promote a sympa thetic atmosphere. He was physically a small man and in a peculiar way this characteristic seemed to be particularly appropriate to his own ebullient style of good nature. He was a sympathetic and attentive listener, and must have spent long hours in the course of a busy life in discussions of professional and scientific matters. His reward was the friendship and devotion of a remarkable variety of persons. Colleagues became collaborators, students became admirers and professional acquaintances became intimate friends.
L ife Thomas was born on 13 January 1903 in a private nursing home in George Street, Edinburgh. The family home was at Balerno and it was here that he spent his early childhood. He was the youngest of four children. His parents were Thomas Bennet-Clark, J.P., C.A., and Anne Chalmers Hanna-both persons of unusual distinction. His father was the senior partner in the firm of chartered accountants of R. & G. Scott of Edinburgh. The ancestors of the father had had distinguished careers. His father, originally William Clark, was a professional barrister and became a sheriff substitute for Clackmannan shire. William Clark married Margaret Bennet and it was from this union that the name of Bennet-Clark was derived.
Thomas, the father of Thomas Archibald, was certainly a potent influence in shaping the whole future course of his son. There is no record of any sugges tion that the son should succeed his father. It seems that it was always assumed that the son would embark on an academic career. This assumption may well have been a product of the interests of the father. Thomas was a passionate field botanist. The flora of the countryside around him was a matter of intense interest. All phases of that flora engaged his attention but he was particularly attracted to Alpine vegetation. The father and the son made several excursions to areas like that of Ben Lawers, and after World War I the two undertook an expedition to Norway in search of Alpine plants. Ultimately the interest in field botany undoubtedly moulded the career of the son, although apparently it did not compel an immediate choice in favour of botany. School influences were to generate a compelling interest in chemistry.
The other interests of Thomas senior were fishing, gardening and the appreci ation of furniture. The preoccupation with fishing was certainly not inherited by his son, but throughout his life gardening was the activity through which he sought relaxation. Thomas Archibald frequently made holiday journeys abroad and he made these occasions for collecting living plants which were cultured in the home garden. Several attempts to enrich the indigenous collec tion were highly successful and his garden acquired a unique assemblage of, for Britain, exotic species. His other relaxation in a busy life was carpentry. He established workshops in the homes he occupied and spent long hours in these, building pieces of furniture. It is possible that this interest also was an inheritance from his father. It is possible that it was a by-product of the interest of the father in furniture in general.
His mother could also claim to be the inheritor of distinguished forbears. One in particular deserves some attention. This was Dr Thomas Chalmers who became the leader of the so-called Disruption in the Church of Scotland. At one time he occupied the Chair of Moral Philosophy at the University of St Andrews. Later in his career he was appointed to the Chair of Divinity at Edinburgh University. He must have been a versatile man since at one stage of his life he entertained the ambition of becoming a professional mathematician.
In the general development of the family one possibility mentioned by Thomas Archibald himself requires some notice. He wrote: 'There is a remote but to me very interesting connection with James Clerk-Maxwell. Clerk-Maxwell was certainly a relative of the Clerks of Penicuik. The father of William Bennet Clark senior was David Clerk who in 1814 "matriculated arms" that showed kinship to these Clerks; the record of the exact relationship seems to have been lost but was admitted by the Lyons Court.' The senior Bennet-Clark referred to in this passage is presumably he who became sheriff substitute for Clackmannanshire.
In 1912 when he was 9 Thomas Archibald was sent to Wells House School at Malvern Wells. This was a fortunate choice since here he came under the influence of the headmaster who was dedicated to the teaching of mathematics. The impact awakened an interest in mathematics which stayed with him throughout his professional career. He stayed at Wells House for 4 years. In 1916 he moved to Marlborough College. He is remembered by one corres pondent who was a contemporary at Marlborough as being a very small boy who was studious and who was more often down at the laboratories than up at the college. The same correspondent remembers that he shot up through the school like a rocket and became top of the Medical and Science Vlth. Thomas himself recorded that his career at Marlborough was undistinguished until he came under the influence of Mr A. Robson who ultimately became the senior mathematics master. Robson further stimulated the interest in mathematics and this was mobilized in the development of another preoccu pation. Marlborough at the time had on its staff J. Holmyard the chemist, who was a gifted and enthusiastic teacher. He aroused in Thomas an interest in chemistry. He was encouraged to read texts on organic chemistry and was allowed along with a small group of boys to make organic preparations. His interest in chemistry became such that it became a rival in his attention to the development of botany. At Marlborough he explored the local flora with the local Natural History Society. Nevertheless, the interest in chemistry dominated his studies, and he entertained the possibility of committing himself wholly to chemistry. In the event he did not, but it is of some significance that chemical aspects of botany remained his primary concern throughout his professional career.
The period at Marlborough came to an end when he reached the compara tively early age of 17. He sat the Trinity (Cambridge) group entrance scholar ship examination in December 1919. He was successful and was awarded an open entrance scholarship. It is of some significance that this was not the only award bestowed on him by the college. In 1922 he qualified for a senior scholar ship the value of which was ,£100.
For Part I of the Tripos he read chemistry, botany and physiology. The examination for Part I resulted in the award of a first class.
At first he hoped to do chemistry in Part II. He decided in favour of the second alterantive since apparently he rated his mathematical competence as inadequate. In spite of the enthusiasm for mathematics that had been aroused in him at school he apparently decided that his innate capacity for mathematical work was not sufficient to support a career in chemistry. According to his own statement this was the reason why he chose to do botany in Part II of the Tripos. The change to a preoccupation with botany was however not simply due to a conviction of inadequacy in relation to chemistry but also to a growing interest in plant physiology. This apparently had sparked his imagination and the circumstances being what they were he became committed to it.
The examination for Part II was taken in 1923. He graduated with first class honours. At the same time he was awarded the Frank Smart Prize.
The period as an undergraduate at Cambridge was evidently a success. At the time the University at Nottingham had the status of a University College. This certainly imposed restrictions and it was no doubt on this account that he transferred to the Chair of Botany at King's College, London. This was in 1944. When he arrived at King's the Botany Department occupied premises on the top floor of the building in the Strand. The accommodation was wholly inadequate, and in due course the bulk of the Department was moved to a converted dwelling house in Half Moon Lane, Herne Hill, South London. It was an unsatisfactory arrangement since the elementary teaching still had to be done in the Strand and this entailed journeys of 30 minutes for those engaged in teaching the relevant courses. Nevertheless, in spite of difficulties a gifted and enthusiastic group was assembled and a large variety of investigations were begun which, in time, yielded highly significant results.
Thomas was a dedicated teacher and he held decisive views as to how the teaching of botany should be developed. The attitude he had expressed at Nottingham became more explicit while he was at King's. He stated empha tically that botany could only be taught adequately in a general context of biology. It was undoubtedly this conviction that led him to accept in 1967 the invitation to become Dean of the School of Biology at the then recently established University of East Anglia at Norwich. When he arrived in East Anglia, buildings had not been bult and the School had to operate from tem porary huts, but this did not restrain the realization of the primary intention. Colleagues were recruited rapidly and a staff was assembled which represented a wide variety of biological disciplines. It is of some interest that although the variety was wide it was not comprehensive. Although he was an ardent field botanist, Thomas held to the view that taxonomy was not a suitable subject for inclusion in a generalized treatment of biology. Similarly he maintained that ecology was not at the time a sufficiently rigid discipline to warrant system atic treatment.
It must have been a matter of great satisfaction to him that the School was an immense success. The notion that inspired it apparently appealed strongly to potential recruits. At one stage the School was having about 2000-3000 applicants a year when it could only admit about 100.
He was elected to the Fellowship of the Royal Society in 1950. Throughout his career Thomas was a prodigious worker and he found time to undertake work for a number of organizations. He undertook the duties of Botanical Secretary of the Society for Experimental Biology during the difficult war years. The circumstances being what they were little could be accomplished, but at least a contribution was made to keeping the society alive. After the war he helped to found the Journal of experimental botany and he became its first editor. He continued to edit the Journal for 10 years until In addition to serving on these permanent committees he was a member and frequently the chairman of no less than twelve visiting groups.
In 1966 he was made C.B.E. In addition to his duties with the A.R.C. he undertook the responsibilities involved in becoming a governor of various research stations.
In 1967 Thomas retired from the chair he occupied at the University of East Anglia. He had then reached the age of 65 and was intending to withdraw from public life. In fact he did little after resigning from his chair. After a brief stay in Norfolk he decided to return to Edinburgh. He took a flat in the Canongate and he looked forward to leading a leisured life in it. He had never been a dedicated traveller, but he took the occasional journey gladly enough. When he was established in Edinburgh he undertook two journeys in much the same mood. He went to the University of Zambia for about six months and to the University of Madras for a similar period. Unfortunately shortly after his return from India his health began to fail. His final illness was a long and distressing one. He died in a nursing home in Edinburgh on 24 November 1975 at the age of 72.
Scientific contributions
The scientific investigations in which Thomas Bennet-Clark was involved may be considered under four headings.
1. The effects of electrical stimulation of leaf disks. Effects of electrical stimulation of leaf disks This group of investigations was undertaken with H. H. Dixon in Dublin and they were designed to elucidate the structure of the p lasm a membranes and by implication the effect of changes in them on the permeability of the protoplast to solutes of various categories.
The stimulation was applied by passing a current through a strip of leaf and subsequently measuring the change in resistance. It was observed that immediately after the application of the stimulus the usual response was a decrease in resistance. When the voltage or the time of application of the stimulating current was low occasionally an increase in resistance was recorded. After the more usual initial drop a slow recovery occurred which continued until the normal value was restored. Several characteristics of the initial drop were shown to have particular significance in relation to results assembled in later investigations. It was shown that the decrease is highly sensitive to temper ature, the higher the temperature the greater the reaction. It was also shown that the response voltage curve is S-shaped.
Observations of others led to an attempt to explain the observations made with leaf tissues in terms of the reactions of oil-water emulsions. Emulsions were prepared and subjected to the same experimental treatments as those to which leaf tissues had been exposed. A stimulating current was passed through a water in oil emulsion and the change in resistance subsequently measured. It was observed that there was an immediate drop in resistance, and this was followed by a slow recovery. Microscopic examination showed that stimulation tended to assemble the water droplets into long strands. The increase in con ductivity was attributed to this change. The subsequent slow decrease was due it was claimed to the slow dispersal of the droplets in the strands. In addi tion to the general similarity in the course of change following stimulation it was shown that the voltage response curve was S-shaped and that the drop following stimulation was highly temperature sensitive. The greater the tem perature the greater was the initial decrease in resistance. The remarkable similarity of response led to the conclusion that the boundary membrane was comparable to a water in oil emulsion. In the discussion to the final paper of the series the authors suggested that their general results suggest a lipoid membrane a few molecules thick traversed 'by pores of molecular dimensions filled with the water phase'. This is certainly a remarkably close approximation to the situation as it is now known to be.
Acid metabolism
Work was begun on acid metabolism at Cambridge and was continued vigor ously until about 1935. Initially this phase of investigation was concerned with the fluctuations in acid content in succulents; later it was extended to include changes in acid status in cultures of certain fungi, and in the acid component in the composition of rhubarb. All the work in this field was done before two important discoveries had been announced. In 1935 the sequence that consti tutes the TCA cycle had not been established and the dark fixation of carbon dioxide had not been described. Inevitably some of the interpretations pro posed would have been very different if the information implied by these important developments had been available. Many of the conclusions embodied in the earlier papers were later discarded by Bennet-Clark himself. Nevertheless, these papers incorporate important results, and they were influential in their own time. Their general impact was such that they still merit attention.
At the time when the general investigation began something was known about diurnal changes in the acid content of succulent plants and about longer term changes in the acid content of media on which certain fungi had been cultured. The state of knowledge in about 1933 was reviewed in three impor tant papers published in the New Phytologist. It was emphasized that confusion was being promoted by inadequate appreciation of the significance of the quantities that were being measured. In the first paper the attempt was made to clarify the status of a quantity designated as the titratable acidity. The various equilibria that may be established in a solution containing the acid salts of a dibasic acid when acid or alkali was added to it was clarified. This was an important contribution since great reliance was being placed on the values that were being obtained. It was shown that the organic anions set free in metabolism may remain subject to the influence of hydrogen either in un dissociated molecules or as anions of electrolytically dissociated acid. Alter natively they may become linked with cations such as potassium or ammonium and form acid or normal salts. It was argued that the pH of plant sap gives an index of the relative amounts of organic anions that are in these different states.
In about 1933 the origin of the acids in succulents in particular was still a matter of some doubt. One school held that they were the product of the de gradation of amino acids and particularly amides. Bennet-Clark repeatedly challenged this claim. He insisted that they were derived from carbohydrates and that there was no evidence for the release of ammonia when acids were being accumulated.
Contemporary judgement accepted that in succulents the changes in the level of titratable acidity represented corresponding changes in the level of malic acid. The broad conclusion therefore was also generally accepted that malic acid tended in these plants to accumulate in the dark and to decrease in the light. Bennet-Clark amplified this generalization by showing that the difference between day and night levels varied with the season of the year. He showed that it was greater during the summer months and less well defined during the winter season. Since it was being maintained that the malic acid was derived from a carbohydrate, it was inevitable that it should be claimed that the increase in the level of malic acid at night occurs at the expense of a carbohydrate fraction. Clearly the generalization could be extended with the claim that the decrease involved a corresponding conversion back to the carbo hydrate during the day. The possibility that the malic acid could be a product of respiration was rejected. The carbon dioxide released at all phases of the cycle was the product of an independent degradation of a carbohydrate frac tion. The position was summarized as follows:
carbohydrates v malic acid + energy
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It was claimed that the conversion back to the carbohydrate occurred through the reductive formation of the aldehyde followed by polymeriz ation.
If this sequence operates then the possibility must be considered that the situation incorporates an inverse relationship between the level of malic acid and the level of some carbohydrate fraction. As malic acid is dispersed during the day an increase in the concentration of some carbohydrate fraction might be expected, and as the acid accumulates at night a decrease in the particular carbohydrate level might occur. It was shown that in one case a fluctuation of this type did occur with one carbohydrate-sedoheptose. The level of this substance increased during the day and fell during the night. The tentative suggestion was proposed that the malic acid that had accumulated during the dark was converted during the following light phase into sedoheptose. It is probably now generally accepted that the increase in this particular carbohydrate is a consequence of carbon dioxide fixation in photosyn thesis.
The attempt was made to bring all forms of change in acid level within the same pattern of interpretation. With C. J. La Touche the changes of acid level in the medium on which an Aspergillus was cultured was investigated. It was proposed again that although there is no question of a diurnal periodicity that nevertheless the acid accumulates at the expense of a carbohydrate and in due course it is absorbed from the medium and converted back to the carbohydrate, which in this case was held to be glycogen.
An elaborate chemical investigation was undertaken (with W. M. Woodruff) of the composition of the rhubarb plant at different times of the year. It was shown conclusively that the acids that accumulated in the leaves were not derived by the deamination of amino acids. At the same time it is clear that it was held that the general relationship between carbohydrate and acids that had been proposed for succulents and fungi operated also with rhubarb. At one point the statement was made 'In our view the maintenance of this nearly constant malate concentration is brought about by the occurrence of the equi librium carbohydrate v______ malic acid'.
Bennet-Clark contributed to a clarification of the whole problem of acid metabolism by devising techniques for extracting the various acids. With Woodruff a procedure was developed which involved precipitating the acid anions as insoluble salts of lead. Subsequently the salts were decomposed with hydrogen sulphide. The acids released were titrated against standard alkali. The total acidity so measured provided an estimate of the content of malate, citrate, succinate, oxalate, sulphate and phosphate. A particular tech nique was devised for the estimation of gluconate. It was shown that the specific rotation of d-gluconic acid is enhanced by formation of complex salts with molybdates, and that the rotation of gluconic acid complexes with uranyl salts and molybdates is in the same direction, in contrast to the behaviour of malates. Polarimetric analysis of mixtures was therefore a relatively simple matter.
The water relations of plant cells
A series of investigations is involved in this connection, but one is of partic ular importance. The results of this are presented in two papers the first pub lished with A. D. Greenwood and J. W. Barker and the second with D. Bexon. These two papers are important since they embody the claim for a secretory injection of water into the cell. A series of observations were undertaken which were designed to compare osmotic pressures determined plasmolytically with others determined cryoscopically after expression of the sap. It was recorded that invariably the first were the larger. The two did not coincide as they should have done in the terms of classical theory. A similar discrepancy was shown when leaves were squeezed in a press and the pressure required to extract sap was compared with the plasmolytic determinations and with the cryoscopic determination of the osmotic pressure. The first two were found to correspond fairly closely, but the cryoscopic determinations gave values strikingly different from those of the other two. A quotation may be given from a note published in Nature. 'The anthocyan distribution and osmotic pressure data show, we believe, that the vacuolar sap of these leaves has an osmotic pressure of about 8-11 atmospheres, that the hydrostatic pressure within the cells is about 25-35 atmospheres (in the several tissues) and that the difference is attributable to secretory work by the living protoplasts.' It was held to be highly significant that plasmolytic and mechanical pressure determinations gave approximately the same result. The pressure at which sap begins to exude is presumably slightly in excess of the hydrostatic pressure within the cell, and the minimum value at full turgidity is obtained by extrapolation. It has since been argued that the permeability of the protoplast to water is such as to make the operation of a secretory mechanism impossible. Sufficient energy is not available to provide for the work necessary to maintain the operation of a pump. It is now generally held that the incidence of a secretory process for water is highly improbable. On the other hand, it must be conceded that a satisfactory explanation for the large differences recorded has not been provided.
Two other investigations (undertaken with D. Bexon) belong to this series, the first devoted to the respiration of plasmolysed tissues and the second to diffusion effects observed in these tissues. The effect of plasmolysis on the metabolism of tissues was a matter of some importance in view of the signi ficance attached to the plasmolysed state in other studies. In these investiga tions disks of beet root tissue were used, and the effects of solutions of sugar and certain electrolytes were examined. It was shown that when plasmolysis occurred, this was accompanied by an increase in the rate of respiration. The enhanced rate did not, however, persist. It decreased after a matter of minutes to a lower level than that of the water controls. The changes recorded were attributed to changes in the shape of the protoplast. Immediately after immer sion in the plasmolysing fluid irregular plasmolysis increased the surface area of the tonoplast. It was argued that an enhanced flow of metabolites from the vacuole to the cytoplasm necessarily followed. In due course the protoplast contracted and assumed a spherical configuration in the centre of the cell.
With this change the tonoplast decreased in extent and was inevitably reduced to an area smaller than it had occupied before the treatment was applied. Hence, it was suggested, the final abnormally low respiration.
In the course of the research on the effect on respiration an incidential observation was made which led to a major investigation. The experimental design included a provision that the disks be washed before use in the plasmolysis studies. This treatment was supposed to remove the debris that accumu lated as a result of cutting. It was found that during the course of washing the respiration rate increased. If the interpretation proposed was in fact valid then the effect of saturating the surfaces with extracted sap became a matter of considerable interest. Disks were accordingly immersed in sap and the subsequent respiration rate measured. Instead of a decrease, a marked enhance ment was recorded. The origin of the stimulation was examined by fraction ating the sap and determining the effect of different preparations. The effect was ultimately traced to the organic acids in the fluid. The juice was of course primarily released from the cellular vacuoles. It was concluded that the tono plast prevented free diffusion of acids to the respiratory centres and that these were either in the body of the cytoplasm or at the surface of the cell. The restraining effect of the tonoplast was confirmed by observations on the relative effects of various concentrations of the original sap and of malic acid. It was shown that stimulation to respiration could be induced with concentrations of the sap and of malic acid which were considerably lower than those of the vacuole. In the discussion of these results the assumption is implicit that the respiratory centres involved are in the body of the cytoplasm, and it is significant that in this connection it was accepted that the additional CO 2 that is released from the malic acid supplied comes from the acid itself. A C3 fragment is released it was suggested which is synthesized into a carbohydrate.
The series of investigations on water relations was completed by a final contribution (again with D. Bexon) on certain diffusion effects observed imme diately after tissues were immersed in the plasmolyticum. The investigation was concerned with the effect of transferring tissue to a sucrose solution immediately after plasmolysing in a solution of potassium chloride and of restoring the still plasmolysed strip of tissue to the original solution of sugar. The alternation was repeated several times and always with the same result. On transfer to the sucrose solution the protoplast expanded and on transfer to the potassium chloride solution it contracted. The expansion on replacing the potassium chloride by sugar occurred even when the sugar solution had the higher osmotic potential. The possibility was explored that the curious sequence was due to differential rates of diffusion through the cell wall. This tentative interpretation had to be abandoned when the same effects were recorded on naked protoplasts. An alternative explanation based on electro-osmotic conditions was proposed. It was suggested that when trans ferred to a potassium chloride solution the greater mobility of the cation pro motes an electropositive state on the inner surface of the boundary membrane.
This induces an outward flow of water. When sugar replaces potassium chloride the outer surface becomes electropositive with a consequent inward flow.
Growth responses
The group of investigations that were concerned with growth comprises three sets; the first involves the physiology of geotropic phenomena, the second the growth responses primarily of coleoptile sections, and the third the incidence and metabolism of phytohormones in tissues.
The first of the investigations on geotropism was undertaken in collabor ation with N. G. Ball and was devoted to an examination of the nature of the diageotropic reaction in rhizomes of Aegopodium podograria. The obser vations that were made depended on the development of an ingenious device which enabled the displacement of excised tips in vertical and horizontal planes. The results that were assembled were complex and certainly too elab orate to enable adequate summarization here. Some of the more striking observations may, however, be considered. After mounting in the apparatus in a horizontal alignment the rhizomes grew downwards. In due course they recovered and continued to grow in a horizontal direction. This sequence was attributed to a light effect. If, after recovery, the rhizomes were inverted in the horizontal plane, the immediate effect was an upward displacement followed by a downward deflection, which was followed in time by a series of oscillations decreasing in amplitude with time. Rotating the rhizome through 90° had much the same effect. The conventional interpretation for geotropic responses in orthogeotropic organs clearly cannot be invoked in the case of the organ which grows horizontally. A simple accumulation of a single hormone on one side or the other cannot be invoked to account for the complex pattern of responses shown. It was proposed that two compounds were involved. One of these is a hormone. The second could be another hormone or an antihormone. In the case of two hormones in normal circumstances these would be on opposite sides of the organ. Where an antihormone is involved this might be on the same side as the hormone but effectively immobilizing it. When the rhizome is displaced the two factors migrate from their normal positions but at different rates. Either mechanism it was suggested could account for the initial oscillation that follows displacement. This generalization is clearly one of some significance since it amplifies the earlier interpretation of the basis of the bending reaction in orthogeotropic organs.
It is characteristic of Bennet-Clark's general attitude that in the discussion at the end of this paper he incorporates a section entitled rhizome biology. This emphasizes the implications of the experimental data for the growth of the whole plant in soil. In the investigation with excised tips it had been shown that high concentrations of carbon dioxide tended to promote an upward slant in the rhizome. This together with other observations prompted the following passage:
'It is certainly clear that the mechanisms worked out in detail in Aegopodium bring the rhizome back into the correct horizontal phase if they happen to get deflected by butting against stones or obstacles in the soil. If in pursuing this horizontal course they grow out to the surface from a sloping bank, the light effect, a tendency to grow downwards corrects this and keeps them below ground. In the same way if their horizontal course takes them too deep by burrowing into a bank the rising carbon dioxide concentration puts the diageotropic mechanism out of balance and the rhizome apex starts coming up until it reaches a zone with a suitable carbon dioxide concentration. . . . ' The results recorded with diageotropic organs undoubtedly suggested the necessity for an examination of the situation in an orthogeotropic system. The geotropic behaviour of roots was explored (with A. F. Younis & R. Essault) with an emphasis on the reaction immediately after displacement into the horizontal position. This treatment was followed by a downward bending, but the significant feature was observed that in moist air the bend did not bring the root into the vertical position. The bending movement ceased before the full displacement through 90° had been completed. On the other hand, it was shown that the full traverse into the vertical did occur when the root was growing in sand or soil. The observations suggested that the full response required a haptotropic as well as a geotropic reaction. This was confirmed by applying emery paper to the lower surface of the horizontally aligned organ. With this provision in moist air the full displacement through 90° was observed. In this investigation the experimental design was amplified by measuring the growth as well as the angle of displacement. The significant discovery was made that aligning the root in the horizontal position depressed the overall rate of growth. This led to the formulation of an important conclusion. It was argued that placing the root in a horizontal position must have more compre hensive effects than simply concentrating an inhibitor on the lower surface, for if that was the only effect clearly there should not be any retardation in the rate of growth. It was proposed that the results indicated that displacing the organ from its normal position actually enhanced the level of an inhibitor in the cytoplasm. The enhancement it was envisaged might be due to a syn thesis or to a release from the vacuole. After accumulation in the cytoplasm, migration to the lower surface no doubt occurred with the twin effects of depressing the rate of growth and of compelling the whole system down wards.
The series of investigations on the geotropic reaction included one under taken with N. Arslan on the upward bending reaction that occurs at the node of certain grasses when the shoot is displaced into a horizontal position. In this phase of work the emphasis is not so much on hormone or inhibitor effects as on intimate mechanisms through which the bending is secured. It was shown that the upward movement was due to expansion in the cells on the lower side of the leaf sheath just above the node. In the undisturbed state these cells exhibit highly convoluted longitudinal walls. When the shoot is constrained into the horizontal position striking changes occur in the cells on the lower part of the node. In these the content of sugars and alcohol soluble compounds in general increases markedly. Cell wall components do not change, but the increase in what is presumably soluble vacuolar components induces an enhancement in hydrostatic pressure. This leads to a stretching of the cells. The volume increases through an unfolding of the convolutions in the wall. A comparable pattern of change does not occur on the upper segment of the node, and inevitably the part of the shoot distant to it is turned into a vertical position. While the primary interest in this investigation was the immediate mechanism of the response, some attention was accorded to possible hormonal stimuli. Auxin in lanolin paste was applied on one side and it was observed that this induced a bending reaction, but this response it was recorded was not as great as that induced by geotropic stimulations. From this observation the inference was drawn that the primary reaction in normal circumstances is evoked by geotropic stimulation. The general position was emphasized that the effective agent in the geotropic stimulus, whether it be in roots or in grass nodes, is not available before the system is disturbed but is evoked by the displacement into the abnormal situation.
In the introduction of a paper by Bennet-Clark, Younis & Essault the state ment is made that 'the difficulties encountered in explaining diageotropism were pointed out . . . and a hypothesis was put forward which though cover ing certain aspects of the behaviour of rhizomes, was very incomplete and in many respects unproven. It did however lead to extensive studies of growth regulators by chromatographic techniques'. This phase of the investigation yielded valuable and highly significant results. It began with the development with N. P. Kefford of a novel and very effective technique for analysing the contents in various extracts of the array of growth stimulators and growth inhibitors. The technique depended on an adaptation of paper strip chromato graphy. The extract was added to the starting line and the chromatogram was developed in a variety of solvents. The distribution of various active compounds on the chromatogram was determined by cutting the lined paper into squares and placing these into sugar solutions together with coleoptile or root segments. The compounds carried by a particular square diffused into the sugar solution and either stimulated or depressed the extension of the growing tissue. It was shown with this technique that with certain acid extracts four important sub stances could usually be distinguished. An accelerator with a low R v a second with a slightly higher R v an inhibitor with a still higher R t and a third accel erator near the solvent front. The first substance was designated as stimulant a, the second was shown to be indolyl acetic acid, the third was distinguished as inhibitor and the fourth was at first indentified as indole acetonitrile. Subsequent work indicated that this conclusion is doubtful and the identity of this compound remains unknown. Stimulant a has not been characterized, but it has been suggested that inhibitor j8 is probably abscisic acid. Evidently the technique using paper chromatography was highly successful and the high claims that were made for it were clearly entirely justified.
It was shown in the initial studies that the growth regulator normally present in the tissue in the largest amount was indolyl acetic acid. It was of course already known that external application of this compound promoted growth. Clearly it was inevitable that two questions in particular should be asked. What is the course of absorption of IAA from an external solution and what is the subsequent fate of the compound after it has been absorbed ? It is no doubt these questions which inspired an investigation conducted with A. W. Wheeler on 'The metabolism of 3-indolylacetic acid in plant tissues'. Chroma tographic techniques were again used, but in this connection colorimetric procedures were adopted for the estimation of particular compounds on the paper. The curious fact was established that when tissue is immersed in a solution of IAA after a period of rapid uptake a phase follows in which the hormone is returned back into the solution. Some of the absorbed hormone is of course retained. A fraction of this persists as freely extractable IAA. The remainder is converted into compounds that were designated as V, P and another that yields free IAA after hydrolysis with 7 n NaOH. 'V' was identified as 3-indolylacetylaspartic acid. The identity of the other two frac tions was not established.
The complement of studies on the metabolism of IAA was necessarily others on mode of action. Interest in this aspect was stimulated by claims that the auxin reaction could be treated as a single enzyme process through the appli cation of Michaelis-Menten kinetics. It was maintained by Bennet-Clark and his school that the concept of growth being mediated by a single enzyme reaction was inadmissible. Growth was certainly a very much more compli cated process than this interpretation implied. Formally, however, classical kinetics could only be applied if initial growth rates could be determined. It had been claimed that growth of coleoptile sections was linear over the first 18 hours, and that a determination at 12 hours therefore provided a measure ment of the initial rate. This claim was contested and it was shown that accord ing to concentration of IAA supplied growth could be sigmoid, linear or logar ithmic. Extrapolation back to zero time could give a number of initial rates each depending on the particular assumption that is made regarding the shape of the growth curve. In this situation the reciprocal of growth rate against the reciprocal of concentration necessarily varied considerably with differences in the assessment of the initial rate.
The consideration of the course of growth in different concentrations of auxin had emphasized one peculiarity in the situation. Different investigations had reported different results with superoptimal concentrations of auxin. With Robert Cleland the effect of concentrations of the hormone of the order of 100/million was re-examined. Contrary to the experience of certain other workers it was found in certain experimental series that with high concen trations of the hormone growth occurred in two phases. In an initial phase an abnormally high rate of growth was observed. This was followed by a second phase in which the growth rate was lower than it was in the controls. In both phases the rate of growth was linear. A satisfactory explanation for the differences between the results reported from different laboratories was not proposed and the discrepancies remain unexplained.
An account of Bennet-Clark's contributions to the physiology of the auxin effect requires some reference to his speculations on the molecular basis of this effect. These speculations were not embodied in formal communications, but they are important nevertheless since they provoked extensive work in his own and other laboratories. In at least one public meeting the suggestion was made that auxin exerted an effect through stimulating the methylation of carboxyl groups in polygalacturonic acids. This it was claimed would have the effect of releasing calcium and magnesium ions from salt linkages, and thus of promoting a loosening of the attachment between cells. The general effect it was argued would be that of increasing the plasticity of the wall system. It was precisely this change that it had been shown is induced by auxin treatment. The theory was attractive and stimulated the development of a number of investigations. No experimental evidence, however, has been reported which can support the general theory.
Indirect contributions
The investigations in which Bennet-Clark was a direct participant do not of course exhaust the contribution that he made to the development of plant physiology. In all the posts that he held he certainly influenced the work of research students and of colleagues. His period of greatest indirect influence of this character was probably at King's College. The work on Aegopodium rhizomes was continued by a member of his staff. Ultimately this line of work under his inspiration led to the development of investigations on circadian rhythms. He initiated a general investigation on the growth of coleoptile tissue. In due course he withdrew from this, but it was continued by others in the Department. During the time that he was at King's although his dominant interest was in growth studies, he still continued to accord some attention to themes that had engaged his interest earlier. Studies on the permeability of the protoplast to water were undertaken by research students, and this led to work on ion absorption by plasmolysed cells. The general investigation on organic acid metabolism was further developed through an examination of the course of malonate synthesis in storage tissue.
In addition to indirect contributions to particular investigations BennetClark contributed significantly to the work of others by generating an intel lectual atmosphere in which enquiry was stimulated. He could discuss the significance of observations in fields remote from those in which he had an immediate interest. These discussions were conducted with zest and inevit ably they had the effect of promoting the development of an atmosphere in which research activity could flourish.
In the preparation of the above help was given by the following: Dr H. C. Bennet-Clark, Professor D. D. Davies, Sir Edmund Hudson, Professor E. C. Cocking and Professor J. F. Sutcliffe.
